ABSTRACT The development of low cost, metal free semiconductor photocatalysts for CO 2 reduction to fuels and valuable chemical feedstocks is a practically imperative for reducing anthropogenic CO 2 emissions. In this work, black phosphorus quantum dots (BPQDs) were successfully dispersed on a graphitic carbon nitride (g-C 3 N 4 ) support via a simple electrostatic attraction approach, and the activities of BP@g-C 3 N 4 composites were evaluated for photocatalytic CO 2 reduction. The BP@g-C 3 N 4 composites displayed improved carrier separation efficiency and higher activities for photocatalytic CO 2 reduction to CO (6.54 µmol g ). This work thus identifies a novel approach towards metal free photocatalysts for CO 2 photoreduction.
INTRODUCTION
Anthropogenic CO 2 emissions caused by the combustion of fossil fuels for electricity generation and transportation are the primary cause of global warming via the greenhouse effect. If CO 2 emissions are not seriously reduced over the next 10-20 years, accelerated global warming could potentially threaten all life on earth [1, 2] . Reduction of fossil fuel consumption and chemical transformation of CO 2 into fuels and valuable chemical feedstocks (e.g., methane, higher hydrocarbons, methanol, formic acid or CO) are promising strategies for curbing CO 2 emissions. However, traditional approaches for the conversion of CO 2 , such as thermo-catalysis and electro-catalysis, demand significant energy inputs (i.e., heat and current, respectively) to achieve meaningful rates of CO 2 conversion. Accordingly, such approaches are not sustainable or practical for large scale CO 2 abatement [3, 4] . Photocatalytic conversion of CO 2 using semiconductor photocatalysts and solar energy has recently emerged as a green and sustainable approach for CO 2 chemical conversion [5, 6] . The development of efficient photocatalysts for CO 2 photoreduction into solar fuels is a very rapidly expanding field of research. Particular emphasis is on the discovery of low cost, metal free photocatalysts that operate under direct sunlight. To date, the efficiency of most metal free semiconductor photocatalysts for CO 2 reduction is still low.
Graphitic carbon nitride (g-C 3 N 4 ) is one of the most promising non-metal photocatalysts for solar energy conversion to fuels due to its low cost, good stability, non-toxicity, narrow band gap (2.7 eV) and negative conduction band potential (−1.12 eV) [7] [8] [9] [10] . The latter makes g-C 3 N 4 particularly useful for CO 2 reduction. However, bulk g-C 3 N 4 has a number of disadvantages, including large particle size, low surface area and fast recombination of photogenerated electron-hole pairs which act to lower the electron utilization rate of g-C 3 N 4 in photocatalysis. In order to improve the photocatalytic activity of g-C 3 N 4 , a wide range of methods including exfoliation [11, 12] , element doping [13] [14] [15] [16] [17] [18] , metal deposition [19, 20] , semiconductor coupling [18, [21] [22] [23] and protonation [24] [25] [26] [27] have been explored. Munoz-Batista et al. [11] reported that Mn-doped g-C 3 N 4 nanosheets showed enhanced photocatalytic activity for toluene photodegradation. Ho et al. [16] reported that sulfurdoping enhanced the performance of g-C 3 N 4 for photocatalytic CO 2 reduction. Yan et al. [19] claimed that Ag/ Fe 3 O 4 /g-C 3 N 4 hybrid photocatalyst showed a good visible light response for antibiotic wastewater treatment. Li et al. [21] reported that a ternary semiconductor system, composed of g-C 3 N 4 , In 2 O 3 and ZnO, showed excellent visible light photocatalytic activity for the degradation of rhodamine B. Ye et al. [27] prepared porous g-C 3 N 4 nanosheets via phosphoric acid treatment, which subsequently showed enhanced photocatalytic performance for hydrogen evolution and CO 2 conversion. To date, few studies have attempted to use metal free quantum dots to improve the photocatalytic activity of g-C 3 N 4 .
Black phosphorus (BP) is a two-dimensional layered material with excellent electrical and optical properties. It has a graphene-like layered structure, with the band gap value tunable by the number of layers (E g = 0.34 eV for bulk BP, versus E g = 1.5 eV for monolayer BP) [28, 29] . Accordingly, BP photocatalysts possess a wide range of light absorption including near-infrared photons. Due to its desirable optical, mechanical properties and electronic properties (bottom of CB at approximately −0.18 eV), BP is finding increasing usage in photocatalytic applications [30] [31] [32] [33] [34] . For example, Fujitsuka and coworkers [30, 31] reported that BP sensitized Au/La 2 Ti 2 O 7 and nanocomposites composed of BP and carbon nitride (BP/CN) showed enhanced infrared light absorption and improved photocatalytic hydrogen production performance compared to the same photocatalysts without BP. Lee et al. [32] prepared BP@TiO 2 hybrid photocatalysts, which showed enhanced photocatalytic performance under solar irradiation compared to pristine TiO 2 . In most of the aforementioned studies, BP nanosheets were used with the optimal loading of BP in the semiconductor composites being as high as 20 wt%. Considering the high cost of BP, decreasing the BP loading is important for practical applications. BP quantum dots (BPQDs) possessing much higher specific surface areas represent a promising strategy for reducing BP loadings without compromising performance. In this paper, BPQDs were used to modify exfoliated g-C 3 N 4 (BP@g-C 3 N 4 ) via simple electrostatic adherence. The resulting BP@g-C 3 N 4 composites displayed significantly increased photocatalytic activity compared with pure g-C 3 N 4 for photocatalytic CO 2 reduction into CO under Xe lamp excitation, with the highest activity observed at very low BP loadings (~1 wt%).
EXPERIMENTAL SECTION

Synthesis
Sulfocarbamide, ethanol, hydrochloric acid (HCl, 36.0%-38.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Black phosphorus quantum dot dispersion was obtained from XFNANO, Inc.
A partially filled alumina crucible containing sulfocarbamide was placed in a muffle furnace and heated to 500°C at a heating rate of 5°C min −1 . After 3 h, the temperature was lowered to room temperature, yielding the g-C 3 N 4 product. 0.5 g of g-C 3 N 4 powder was dispersed in 25 mL HCl. The mixture was then magnetically stirred for 1 h, washed with distilled water to be neutral, and then dried in an oven at 100°C for 6 h. The acid-treated powders were subsequently dispersed in 200 mL of distilled water and sonicated for 2 h. The suspension containing the g-C 3 N 4 nanosheets was then collected by centrifugation at 8,000 rpm for 10 min. The precipitate obtained by centrifugation was then dried in an oven at 40°C, yielding exfoliated g-C 3 N 4 . 50 mg of the exfoliated g-C 3 N 4 was dispersed in 20 mL of distilled water, and then 5 mL of the BPQDs dispersion was added followed by strong ultrasound treatment for 2 h. The mixture was then magnetically stirred overnight and then centrifuged at 8,000 rpm in 10 min, washed three times with absolute ethanol and dried in an oven at 40°C. A 1% BP@g-C 3 N 4 was obtained. BP@g-C 3 N 4 composites with different BPQDs loadings (up to 5 wt%) were prepared in the same manner, except that the amount of BPQDs dispersion was adjusted to achieve a specific nominal loading. The total volume of the BPQDs dispersion and distilled water used in the synthesis was fixed at 25 mL to minimize variables.
Photocatalytic reduction of CO 2
BP@g-C 3 N 4 or g-C 3 N 4 photocatalyst (0.03 g) were uniformly dispersed onto a glass plate having an area of 26 cm 2 . The glass plate was then transferred into a quartz reactor having a volume of 350 mL. A mixture of CO 2 / H 2 O vapor was produced by passing compressed high purity CO 2 gas (99.99%) through a water vaporizer. This CO 2 /H 2 O vapor served as the reaction gas. Before starting the photocatalytic tests, the reactor was purged for 15 min with the CO 2 /H 2 O vapor. It was subsequently irradiated with a xenon lamp (PLS SXE300, Beijing Perfect light Technology Co., Ltd. China). At regular time intervals, 1 mL of gas was extracted from the reactor with a syringe and the gas composition analyzed by gas chromatography (GC 9790II gas chromatograph with a flame ion detector (FID), Zhejiang Fuli Analytical Instrument Co., Ltd. China). Product yields of CO and CH 4 were determined against experimentally determined standard curves.
Reactive oxygen species (ROS) quantification experiments
Quantitative analysis of O 2
•-produced during photoexcitation of BP@g-C 3 N 4 or g-C 3 N 4 was achieved using an aqueous nitrobluetetrazolium (NBT) solution (2.5× 10 −5 mol L -1 , absorption maximum at 259 nm). Briefly, 2 mg of g-C 3 N 4 or BP@g-C 3 N 4 were added to the NBT solution (60 mL). The dispersion was then stirred under full-spectrum light, and an aliquot taken every 5 min and centrifuged to obtain the supernatant. The supernatant was then analyzed by UV-vis spectrophotometry (Lambda 650s). The production of 1 O 2 during the photoexcitation of BP@g-C 3 N 4 or g-C 3 N 4 was detected using 3,3',5,5'-tetramethylbenzidine (TMB). 2 mg of catalyst and 2 mg of TMB were dispersed in a mixture of 60 mL of sodium acetate buffer solution (pH=3.6) and 40 mL of distilled water. The dispersion was then stirred under fullspectrum light, and an aliquot removed every 5 min and centrifuged to obtain the supernatant for analysis by UVvis spectrophotometry (Lambda 650s).
ESR Tests
Aqueous g-C 3 N 4 and of BP@g-C 3 N 4 aqueous suspension were prepared (50 µL, 2 mg L −1 ), and mixed with 500 µL of TEMP (50 mmol L −1 ). This mixture was then illuminated under a Xenon lamp (50 W) for five minutes. 1 O 2 was detected at room temperature with a Bruker EMX plus model spectrometer operating at the X-band frequency (9.4 GHz). The O 2
•− trapping test method was the same as above, except that 5,5-dimethyl-1-pyrroline-Noxide (DMPO) was used instead of TEMP as the trapping agent.
Photoelectrochemical measurements 50 mg of photocatalyst was mixed with terpineol, and the resulting slurries coated on FTO glass electrodes by spin coating and then dried in an oven at 80°C. The coated FTO glass electrodes were then tested on a CHI660E electrochemical workstation equipped with a Ag/AgCl reference electrode and a Pt counter electrode. A 50 mmol L −1 Na 2 SO 4 solution was used as the electrolyte and a 300 W Xe lamp as the light source. Characterization X-ray diffraction (XRD) patterns were recorded at room temperature on a Bruker D8 advance X-ray diffractometer using Cu Kα radiation and a 2θ scan rate of 6°min −1 . Diffraction patterns were taken over the 2θ range of 5°-80°. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) images and energy-dispersive X-ray spectroscopy (EDS) maps were obtained on a JEOL JEM-2100F (URH) field emission transmission electron microscope. X-ray photoelectron spectroscopy (XPS) data was collected on a Thermo Scientific ESCALAB 250XI X ray Photoelectron Spectrometer (Al Kα, 150 W, C 1s 284.8 eV). UV-vis diffuse reflectance spectra (DRS) were obtained using UV-vis spectra (Perkin Elmer, Lambda 650s) using BaSO 4 as a reference). Time-resolved photoluminescence (PL) spectra and luminescence spectra (387 nm excitation) were recorded on a FLS920 Multifunction Steady State and Transient State Fluorescence Spectrometer (Edinburgh Instruments, room temperature). Transient absorption spectra were recorded at 365 nm on a NTAS transient state absorption spectrometer (Beijing Perfect light Technology Co., Ltd., China). 13 C and 31 P solid state NMR spectra for g-C 3 N 4 and BP@g-C 3 N 4 were obtained on a Bruker Avance III 400 M solid nuclear magnetic resonance spectrometer. Fig. 1a shows XRD patterns for g-C 3 N 4 and a BP@g-C 3 N 4 composite (containing 1 wt% BPQDs). For the BP@g-C 3 N 4 composite, a strong peak at 27.7 o was observed, typical for the interlayer stacking reflection in g-C 3 N 4 . No peaks due to BPQDs were detected consistent with the low loading (1 wt%). To verify the existence of BP in the BP@g-C 3 N 4 composite, XPS was used. XPS spectra for g-C 3 N 4 and BP@g-C 3 N 4 are shown in Fig. 2 . In the P 2p XPS spectrum (Fig. 2a) of BP@g-C 3 N 4 , P peaks at 129.3, 130.1 and 133.1 eV can be discerned. The ratio of the peaks at 129.3 and 130.1 eV, assigned to the P 2p 3/2 and P 2p 1/2 , is 2:1. The peak at 133.1 eV is assigned to an oxidized phosphorus species (P x O y ), respectively [30, [35] [36] [37] . Due to the shorter core hole lifetime of the oxidized species, the P 2p 3/2 and P 2p 1/2 signals for the oxidized species are much broader and not as well resolved as the elemental phosphorus peaks. The O 1s signal intensified slightly on going from g-C 3 N 4 to BP@g-C 3 N 4 , further evidences that the BPQDs were partially oxidized (Fig.  2b) . The XPS is consistent with surface passivation of the BPQDs by a thin oxide layer. Fig. 2c showed the N 1s XPS spectra for g-C 3 N 4 , which can be deconvoluted into subbands at 398.7, 399.4, 400.9 and 405.0 eV. These peaks are typical for g-C 3 N 4 , and readily assigned as sp 2 hybridized aromatic N (C-N=C), tertiary N bonded to carbon atoms (e.g., N-(C) 3 or H-N-(C) 2 ), quaternary N bonded to three carbon atoms in the aromatic rings [30, 38, 39] and π-π * transitions of the CN heterocycles. For BP@g-C 3 N 4 , the same N 1s XPS features were observed, albeit shifted to slightly lower binding energy possibly due to interaction between BPQD and g-C 3 N 4 via P-N coordinate bonds. 31 P solid-state nuclear magnetic resonance (NMR) spectroscopy was used to probe P coordination in BP@g-C 3 N 4 . As shown in Fig. 1b , BP@g-C 3 N 4 gave three signals with chemical shifts of 0.4 ppm, 2.1 ppm and 8.3 ppm. The peak at 8.3 ppm is characteristic for P-P bonding in crystalline BP. The other two peaks (0.4 ppm, 2.1 ppm) were assigned to P-N coordinate bonds (or possibly P-O bonds) in the BP@g-C 3 N 4 [30] . Solid state 13 C NMR spectra (Fig. S1 ) and C 1s XPS spectra (Fig. 2d) were also collected to explore the possibility of P-C coordinate bond formation in the composites. Deposition of BPQDs on g-C 3 N 4 did not change the 13 C NMR spectrum (Fig. S1 ) or the C 1s XPS spectrum (Fig. 2d) of g-C 3 N 4 . This suggests that the interaction of BPQDs with g-C 3 N 4 occurs via P-N coordinate bonding rather than P-C coordinate bonding. Fig. 1c shows a HRTEM image of BP@g-C 3 N 4 . The diameter of the individual BPQDs was approximately 5 nm. Furthermore, the spacing of the lattice fringes was 0.21 nm, which can readily be indexed to (002) facets of BPQD (Fig. S2) . The HRTEM image confirms BPQDs were successfully fabricated on g-C 3 N 4 surface. The BPQDs loading was too low to be detected in the EDS phosphorus map of BP@g-C 3 N 4 ( Fig. 1d) , though a uniform distribution of C and N was found as expected for a g-C 3 N 4 support.
RESULTS AND DISCUSSION
The performance of BP@g-C 3 N 4 composites with different BPQDs loadings were subsequently evaluated for photocatalytic reduction of CO 2 . CO evolution rates for g-C 3 N 4 and BP@g-C 3 N 4 composites under Xenon lamp irradiation (UV-vis light) for 4 h are shown in Fig. 3 . The BP@g-C 3 N 4 composites with 1 wt% BPQDs loading demonstrated the highest activity for the reduction of CO 2 (6.54 µmol g −1 h −1 ) with a small amount of CH 4 forming (0.29 µmol g −1 h −1 ). The rate of CO evolution was more than 3 times higher than that for pure g-C 3 N 4 (2.65 µmol g −1 h −1 ) under the same testing conditions, confirming that BPQDs addition was beneficial for enhancing the photocatalytic activity of g-C 3 N 4 . The photocatalytic cyclic experiment of CO 2 reduction also proved the stabilization of BP@g-C 3 N 4 (Fig. S3) . Table 1 compares the performance of various g-C 3 N 4 based photocatalysts for CO 2 conversion [40] [41] [42] [43] [44] [45] . The metal free BP@g-C 3 N 4 composites afford activities comparable to different metal-containing g-C 3 N 4 -based photocatalysts for CO 2 reduction to CO.
In order to understand how BPQDs enhance the photocatalytic activity of g-C 3 N 4 for CO 2 reduction, the charge transfer in the BP@g-C 3 N 4 composites were systematically examined. BP@g-C 3 N 4 had higher photo- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1162 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig. 4a) and smaller Nyquist arc radius (Fig. 4b ) than g-C 3 N 4 , indicating that BPQDs enhanced light absorption, electron transfer and carrier separation efficiency of g-C 3 N 4 . To verify this assumption, time-resolved fluorescence spectra and transient absorption spectra measurements were carried out (Fig. 4c, d ). The lifetime of photo-generated carriers in BP@g-C 3 N 4 (4.39 ns) was longer than that in g-C 3 N 4 (3.10 ns). The longer electronic relaxation time of BP@g-C 3 N 4 reflects a superior separation efficiency of photo-generated carriers. In addition, transient absorption spectra (Fig. 4d) revealed that loading BPQDs on g-C 3 N 4 resulted in a lower photo-generated carrier concentration and longer decay time (0.23 μs for BP@g-C 3 N 4 and 0.11 μs for g-C 3 N 4 ). This confirmed that BPQDs enhanced the separation efficiency of photo-generated carriers and the utilization rate of electrons, and thereby accelerated electron transfer to adsorbed molecules (e.g., CO 2 and H 2 O) [46, 47] . Fig.  S4 shows UV-vis DRS for g-C 3 N 4 and BP@g-C 3 N 4 . After loading BPQDs on g-C 3 N 4 , the absorption band edge of g-C 3 N 4 did not change significantly, implying that BPQDs did not improve the photon absorption efficiency. Based on the above discussion, BPQDs led to enhancing carrier separation and utilization efficiency of g-C 3 N 4 rather than improving the photon absorption efficiency.
Our previous studies found that singlet oxygen ( ) were mainly generated from O 2 during the exciton and carrier photocatalytic process, respectively [47, 48] . The exciton effect plays an important role in photocatalytic process. Generally speaking, the more the singlet oxygen that is generated in a photocatalytic process, the stronger the electron-hole interactions occurring in the bulk of the photocatalysts. As a result, suppressing the excitonic effect and increasing exciton dissociation in the photocatalytic process are an effective strategy to increase the photocatalytic CO 2 reduction ability. Higher O 2
•− formation rate of BP@g-C 3 N 4 than g-C 3 N 4 (Fig. 5a, b) confirmed that BP improved the carrier photocatalytic process of g-C 3 N 4 and showed that g-C 3 N 4 displayed a better rate of 1 O 2 generation compared with BP@g-C 3 N 4 (Fig. 5c, d ), indicating that BPQDs accelerated exciton dissociation in g-C 3 N 4 . , respectively, formed during the photocatalytic process [47] [48] [49] [50] [51] . As shown in Fig. 5e , 1 O 2 was generated during the photoexcitation of the samples, evidenced by a 1:1:1 triplet signal with typical g-value of 2.001 and hyperfine splitting constant a N = 1.608 mT for 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO). Less 1 O 2 was formed after loading BPQDs on g-C 3 N 4 (Fig. 5f ). Conversely, more O 2
•− was detected after loading BPQDs on g-C 3 N 4 , evidenced by the sextet ESR signal of DMPO-OOH, a spin adduct derived from DMPO-O 2
•− . The ESR spectra thus support the findings from the time dependent absorption spectra of TMB oxidation for g-C 3 N 4 and BP@g-C 3 N 4 . The exciton photocatalytic process was suppressed and the carrier photocatalytic process was enhanced after loading BPQDs on g-C 3 N 4 . Accordingly, BPQDs/g-C 3 N 4 composites show improved carrier separation, electron utilization efficiency and CO 2 reduction performance compared to g-C 3 N 4 .
CONCLUSIONS
In summary, BPQDs modified g-C 3 N 4 photocatalysts show excellent activity for photocatalytic CO 2 reduction to CO under UV-vis excitation, with the optimum BPQDs loading being approximately 1 wt%. Time-resolved PL spectra, transient photocurrent and ESR data revealed that BP@g-C 3 N 4 composites had higher carrier separation efficiency and electronic utilization compared with g-C 3 N 4 . This strategy offers a new pathway for the development of efficient, low cost, metal free photocatalysts for CO 2 reduction and other applications.
